A semi-active tuned liquid column damper (S-TLCD) is proposed, which can tune both the natural frequency and the damping ratio autonomously. The S-TLCD reaches a robust high-level damping performance by adapting its parameters to the changing loading and structural conditions. Degradation effects, soil-structure interaction and environmental variations can cause such changes. This paper summarizes the results of the numerical and experimental investigations on the performance of the damper. For the numerical analyses, a seismically excited 20-story benchmark building is used. The calculation results are compared with a passive tuned mass damper (TMD). Due to its adaptation capacity, the S-TLCD shows a higher performance regardless of the fluctuations in the natural frequency of the building. On the experimental part of the study, the frequency change capacity of the S-TLCD is also documented by using shake table tests and comparing the results with the analytical solutions.
Introduction
Several structural control devices have been developed to protect civil engineering structures from vibrations, which can be induced especially by wind, earthquake and live loads such as traffic and pedestrians. One of the most promising solutions so far was the passive tuned liquid column damper (TLCD), which consists of a U-shaped tank
Several structural control devices have been developed to protect civil engineering structures from vibrations, which can be induced especially by wind, earthquake and live loads such as traffic and pedestrians. One of the most promising solutions so far was the passive tuned liquid column damper (TLCD), which consists of a U-shaped tank filled with a Newtonian liquid, such as water. The tuned parameters of the liquid damper enable the liquid mass to oscillate with a phase shift with respect to the motion of the main structure, leading to restoring and damping forces. The liquid flow and the oscillation effects can be mathematically described by using the nonlinear unsteady Bernoulli equation [1] [2] . The oscillation energy of the liquid dissipates due to the friction and turbulence effects, which can be influenced by orifices and alterations in the cross-section of the tank. The natural frequency and the damping ratio of the liquid motion of the passive TLCD depend on the geometry of the tank and cannot be changed.
Semi-active Tuned Liquid Column Damper
A semi-active tuned liquid column damper (S-TLCD) is proposed, which uses the geometric versatility of the passive TLCD to adapt both its natural frequency and the damping ratio [3] . As shown in Fig. 1 , movable panels  are installed into the vertical columns  of the S-TLCD, which can change the cross-sectional area of the liquid flow u  and influence the oscillation velocity of the liquid damper mass. This effect is applied to tune the natural frequency of the damper. A reduction of the area causes an increase of the liquid flow speed, which also increases the frequency of the S-TLCD. By opening the panels, the natural frequency can be reduced again. The tuning of the damping is established by an orifice , which consists of two rotating panels installed into the horizontal connection segment of the damper. By closing these panels, the local friction effects can be increased causing also an increase in the damping ratio. Damping of the liquid flow is decreased by opening the orifice panels. The mathematical description of the S-TLCD can be derived from the nonlinear equation of motion of the TLCD, eq. (1). In this equation, δP considers the turbulence and friction caused pressure loss of the liquid flow u. The parameter γ scales the interaction forces between the structure and the damper. These forces are induced by the horizontal ground excitation ẍg, such as earthquake, and the horizontal acceleration ẍ, such as wind, of the structure. As given in eq. (2), γ is defined by the geometry of the damper and therefore it is called as the geometric factor. The natural frequency ωD of the TLCD is calculated by eq. (3). In eq. (2) H is the horizontal segment length of the TLCD defining the active amount of the damper liquid, which causes restoring forces on the structure. The effective length Leff, given in eq. (4), expends the total liquid length 2V+H by the ratio of the cross-sectional areas of the vertical columns AV and the horizontal segment AH.
For the S-TLCD the effective length Leff changes as given in eq. (5), which can be derived by applying the Bernoulli equation to the alternating velocity profile of the liquid flow. Using this effective length the natural frequency ωD of the S-TLCD can be calculated from eq. (3). By changing the cross-sectional areas AV1 and AV2 the frequency of the damper can be tuned directly.
Numerical Investigations

Benchmark building
A seismically excited 20-story benchmark building is used to investigate the performance of the S-TLCD numerically. The structure was published in [4] [5] as a benchmark control problem. Table 1 summarizes the most important parameter of the building. The moment resist steel frame is 30.48 m by 36.58 m in plan and 80.77 m in elevation. The building consists of six 6.10 m wide bays in east-west direction and five bays in north-south direction. The control problem involves a shift of the fundamental frequency of the structure from 0.30 to 0.25 Hz due to 20 % stiffness reduction caused by degradation effects. During a seismic action, this stiffness change can occur mainly due to the damage of the structural elements or also caused by the soil-structure interaction. Passive dampers, such as tuned mass dampers (TMD), cannot adapt their parameter to these effects and show low seismic performance. 
Damper configuration
Two structural control strategies, a passive TMD and the S-TLCD, are investigated. Both damper systems are assumed to be placed on the top of the building and tuned to the fundamental frequency of the first bending mode. The total mass ratio of both TMD and S-TLCD systems equals to 3 % of the seismic building mass. The optimum damper parameter of the S-TLCD system are computed as shown in Table 2 using comprehensive optimization methods according to [6] . The mass of the semi-active control system is distributed to ten S-TLCD, which can adapt their natural frequencies between 0.24 and 0.30 Hz by changing the vertical tube cross-sections. The optimum TMD parameter are calculated by using the Den Hartog's criteria [7] . 
Results of the numerical investigations
The seismic response of the building is investigated according to the benchmark problem for four historic earthquakes: El Centro 1940, Tokachi-Oki 1968, Northridge 1994 and Kobe 1995. The time-histories of the investigated earthquakes show different frequency and time-domain properties, such as peak ground acceleration, response spectra and strong motion duration. By changing the stiffness properties of the numerical model of the structure, the degradation effects are simulated for the natural frequencies between 0.25 and 0.30 Hz. The timehistories of the roof deflection are evaluated for each natural frequency case. The calculations are carried out without structural control, with the TMD and with the S-TLCD system. From the time-histories, the root mean square (RMS) values of the structural response are calculated. RMS values are a direct indicator for the structural damage. From the reduction of the RMS values, the efficiency of the TMD and S-TLCD systems are determined as shown in fig. 2 . The vibration mitigation of the passive TMD-system varies depending on the frequency and time domain properties of the seismic excitation. From the four investigated earthquakes, the maximum reduction is reached during the Tokachi-Oki earthquake with about 35.6 % at the fundamental frequency 0.29 Hz of the building. On the other hand, during Kobe earthquake despite the optimum tuning at the same frequency the dissipated energy amount equals to only 6.8 %, which shows clearly the dependence of the TMD performance to the properties of the earthquake. This effect can also be seen during the El Centro earthquake. Hereby the TMD shows its maximum performance not at the fundamental building frequency but rather at 0.28 Hz with 23.2 %.
The seismic efficiency of a passive TMD depends beside the properties of the earthquake also on the tuning of the damper frequency. As the frequency of the structure shifts, the passive damper system loses its efficiency. As S-TLCD can adapt its dynamic properties to the real structural and loading conditions, the frequency tuning remains always optimal. The difference between the passive TMD and the S-TLCD becomes obvious especially at the lower limit frequency of 0.25 Hz. During Tokachi-Oki and Kobe earthquakes, the passive TMD-system even amplifies the vibration of the structure with -4.2 and -26.4 % due to the frequency detuning. The vibration reduction by the S-TLCD is at this frequency 21.5 % during Tokachi-Oki and 11.8 % during Kobe earthquake. The S-TLCD-system reaches its maximum performance during the Tokachi-Oki earthquake at the 0.30 Hz with 39.7 %. The S-TLCD shows a better energy dissipation efficiency than the passive TMD over the whole frequency spectrum.
Experimental Investigations
Damper demonstrator and the experimental setup
The experimental investigations are applied on a demonstrator of the S-TLCD with the dimensions 43x57x13 cm as shown in fig. 3 . The cross-sectional areas of the vertical columns can be change by movable panels , which are controlled by electric actuators. By opening and closing of these panels, the natural frequency of the S-TLCD can be tuned. Furthermore, an orifice consisting two rotating panels  is installed in the horizontal segment of the damper as foreseen in the concept design. The orifice panels are operated by an actuator and regulate the liquid flow by changing their angle. This causes local friction effects and increases the damping ratio. A capacitance transducer is installed in one of the vertical columns of the damper, which measures the liquid level change and enables the identification of the natural frequency of the damper. The demonstrator is installed on a pendulum, which represents the main structure vibrating in horizontal direction. The fundamental frequency of the pendulum is at 1.4 Hz and can be adapted by changing the pendulum length. The damping ratio is at about 1 %. The motion of the pendulum is measured by a microelectromechanical system (MEMS) accelerometer. The pendulum is attached to a rigid frame, which is connected to a shake table. Using the shake table the system is excited by harmonic, periodic and seismic time-histories. From the reduction of the pendulum vibration, the performance of the S-TLCD is determined. The sensors and actuators of both the S-TLCD and the shake table are connected to a controller board providing a base automation of the system in a real-time environment. The controller board is connected to a computer enabling measurement recording and adjustment of all actuators of the shake table and the damper. The actuator control is realized on the computer using MATLAB/Simulink © .
Results of the experimental investigations
This paper documents the results of the experimental investigations regarding the frequency change capacity of the S-TLCD. The change of the natural frequency of the S-TLCD is measured for different positions of the movable panels. As shown in fig. 4 the evaluation of the ambient response signal of the S-TLCD show a good correlation with the analytical results calculated by using the effective length Leff given in eq. (5). The frequency of the S-TLCD is tuned between 0.98-1.07 Hz by changing the inclination angle of the second segment of the movable panels, V2 in fig.  1 , and by holding the liquid volume constant. In fig. 4 also shows a second experiment, which is acquired by exciting the pendulum in its fundamental frequency at 1.4 Hz using a sinusoidal harmonic function. At the end of the experiment, the frequency of the damper is optimally tuned to the natural frequency of the pendulum. By opening the movable panels, the natural frequency of the S-TLCD is decreased resulting also in a decrease of the pendulum acceleration showing a higher damper performance due to better tuning. Both experiments document the proof of concept of the S-TLCD regarding the frequency change capacity. Further investigations are also conducted especially to analyze the damping ratio adaptation and the seismic performance of the S-TLCD. 
Conclusions
The proposed semi-active damper system S-TLCD can change both its natural frequency and damping ratio. This capability of the novel damper accomplishes a higher performance compared to other passive structural control methods. This effect is shown by the numerical studies using a seismically excited 20-floor benchmark building. The frequency change capacity of the S-TLCD is also documented by experimental studies on a demonstrator of the damper using shake table tests.
Future Work
Future work will focus on the application of the S-TLCD on real structures. For this purpose, especially the scaling effects need to be investigated. A real size demonstrator of the damper can be tested on a shake table while simulating the building numerically using the highly efficient real time hybrid simulation (RTHS) method.
